Introduction
Aggregations of sexually displaying males, leks, are some of the most spectacular yet paradoxical phenomena in animal behaviour (Wilson, 1975; Borgia, 1979; Kirkpatrick & Ryan, 1991) . Lekking males do not provide direct fitness benefits to their mates or offspring (Andersson, 1994; Hö glund & Alatalo, 1995; Shuster & Wade, 2003) , and the mechanisms for indirect genetic benefits remain unclear (Lande, 1981; Pomiankowski, 1988; cf. Kokko et al., 2002) . Directional selection, as generally imposed by female mate choice, should deplete the additive genetic variance (V A ) for male secondary sexual traits (Taylor & Williams, 1982; Charlesworth, 1987 ), which in turn should relax selection maintaining female preferences. Nonetheless, many investigations reveal that the level of additive genetic variance for male sexually selected traits can be relatively high in natural populations, comparable with the level observed for nonsexual traits (Bakker & Pomiankowski, 1995) . Thus, an attempt to understand female choice for males displaying at leks begs a classical evolutionary question: What maintains genetic variation in natural populations? (Lewontin, 1974) .
Whereas evolutionary geneticists identify no fewer than seven mechanisms that can, in theory, maintain (additive) genetic variance within a population (Barton & Turelli, 1989; Roff, 1997; Lynch & Walsh, 1998) , most investigations of sexually selected traits have concentrated on mutation-selection balance, genetic tradeoffs, and environmental heterogeneity. The recognition that the expression of sexually selected traits, particularly male features evaluated by females, often depends on development, energy reserves, or physiological state (David et al., 2000; Scheuber et al., 2003 Scheuber et al., , 2004 ; but see caveats in Cotton et al., 2004) -qualities collectively termed 'condition' -is central to the various hypotheses and studies.
One explanation, the 'genic capture hypothesis', argues that substantial additive genetic variance exists for condition (e.g. Merilä et al., 2001 ) -and hence male secondary-sexual traits. This variance could be maintained by mutation-selection balance because genes at many loci throughout the genome are expected to influence condition (Rowe & Houle, 1996 ; cf. Kotiaho et al., 2001) . This explanation has received renewed interest (Tomkins et al., 2004) , but several tests of its predictions are equivocal in support.
A second explanation is that a negative genetic correlation, a 'genetic tradeoff', exists between life-history and sexually selected traits (Charlesworth & Hughes, 2000) . Antagonistic pleiotropy can maintain additive genetic variance provided appropriate dominance relations among alleles (Curtsinger et al., 1994; Chippindale et al., 2001) and an adequate mutation rate to counter the loss of alleles because of genetic drift (Lynch & Hill, 1986; Lynch & Walsh, 1998) . Traits evolving under antagonistic pleiotropy are not necessarily required to be expressed in both sexes, as argued by Hedrick (1999) . Instead, theoretical modelling has shown that sex-limited expression slows the loss of alleles (Reinhold, 2000) . A recent study has demonstrated a negative genetic correlation between male attractiveness and survival in guppies and implicated this tradeoff in maintaining genetic variance for attractiveness (Brooks, 2000; cf. Hunt et al., 2004) . However, general findings among animals indicate that such tradeoffs are more likely the exception than the rule: the most attractive males in a population are typically those of superior condition with regard to size, development rate, survival to adulthood, and longevity, while relatively unattractive males are usually found to be in poor condition (Jennions et al., 2001) .
A third explanation is based on the expectation that condition-dependent traits, by their very nature, exhibit phenotypic plasticity (see Fig. 1 for a heuristic diagram; see Schlichting & Pigliucci, 1998; e.g. Griffith et al., 1999) . Phenotypic plasticity is absent when a genotype exhibits a horizontal reaction norm (Fig. 1a) and present when that reaction norm has a nonzero slope (Fig. 1b) . Phenotypic plasticity combined with environmental heterogeneity can sustain genetic variation under the following circumstances. Consider 2 genotypes, A and B, for a male display trait whose mean phenotypic expressions are markedly different along an environmental gradient, illustrating one type of genotype · environment (G · E) interaction (Fig. 1c) . When one genotype, A, has the capacity to produce the optimum phenotype across all environments (Fig. 1c) , G · E interactions are unlikely to maintain genetic variation. But when neither genotype exhibits the superior phenotype over the entire gradient, a G · E interaction known as 'crossover' occurs (see Roff, 1997 ; Fig. 1 Heuristic diagram of various forms of phenotypic plasticity. (a) Genotypes A and B exhibit different levels of trait development in both environments 1 and 2, but the levels expressed by both genotypes do not change across environments, i.e. reaction norms (solid and dashed lines) are flat and phenotypic plasticity is absent. (b) Genotypes A and B exhibit comparable reductions in development in environment 2, i.e. reaction norms are steep but parallel, and both genotypes exhibit phenotypic plasticity. (c) Genotypes A and B exhibit different reductions in development in environment 2, i.e. reaction norms are not parallel, and a genotype · environment interaction (G · E) is present. (d) Reaction norms of A and B intersect, i.e. ecological crossover is present, with each genotype exhibiting the greater trait development in only one of the two environments. Lynch & Walsh, 1998) ; this designation is used because the reaction norms of the two genotypes intersect (Fig. 1d) . Ecological crossover is a necessary first step, but by itself is not sufficient to maintain genetic variation (Via & Lande, 1987; Prout & Savolainen, 1996; Prout, 2000) . An under-appreciated point of Levene's (1953) original model is that additional requirements are necessary. Theoretical modelling of the 'environmental heterogeneity hypothesis' has shown that crossover interactions can maintain additive genetic variation (see Felsenstein, 1976; Slatkin, 1978) if (i) environments vary spatially and dispersal occurs among environments (Gillespie & Turelli, 1989) , or if (ii) variation is temporal and generations overlap (Charlesworth, 1988; Ellner & Hairston, 1994; Proulx, 2001 ). Simple one locus-two allele models of G · E interaction have restrictive requirements for genotypic fitness in each environment, but it is unclear how such models apply to polygenic quantitative traits (Via & Lande, 1987; Gillespie & Turelli, 1989) whose mutational input continually replaces alleles lost to selection or genetic drift (Lynch & Hill, 1986; Lynch & Walsh, 1998) . For empirical studies of this general process, see Mackay (1981) , Hawthorne (1997) , Merilä & Fry (1998) , Santos et al. (1999) , Kruuk et al. (2001) , Svensson et al. (2001) , and Kassen (2002) .
For sexually-selected traits, several laboratory studies have demonstrated significant G · E interaction, including crossover, for male signalling and female preference (Jia et al., 2000; Rodriguez & Greenfield, 2003 ; also see Qvarnströ m, 1999; Welch, 2003 for G · E interactions in field populations). In the lesser waxmoth, Achroia grisella (Fabricius 1794; Lepidoptera: Pyralidae), high-and lowlines for several male signal characters were created via two-way artificial selection, and these lines showed significant crossover when reared under different environmental regimes (Jia et al., 2000) . However, overall male attractiveness in these lines was unclear, and other factors potentially maintaining additive genetic variance were not assessed.
The present study continues this line of inquiry with a quantitative genetic experiment using a set of randomly derived inbred lines from a natural A. grisella population. The experiment includes replicate insects from each line, as well as F1 families derived from crosses between inbred lines. The two experimental populations (the lines and F1s) provide complimentary information regarding genetic covariances among traits (potential trade-offs) and genotype by environment interactions. We measure overall male attractiveness in moths reared under different environmental regimes, in addition to measurements of major developmental characters. We test both the genetic tradeoff and environmental heterogeneity hypotheses. The results provide no evidence that any developmental feature offsets the disadvantages that unattractive males experience in mating. However, there is a high incidence of crossover for male attractiveness between lines reared under different environments.
These findings further support the environmental heterogeneity hypothesis that could, at least in part, explain the 'lek paradox' in this species.
Methods
Lek paradox in A. grisella Achroia grisella males display an ultrasonic calling song that is attractive to females up to 1-2 m distant (Spangler et al., 1984) . Playback experiments and choice tests have shown that a male's attractiveness and mating success are positively influenced by three song characters: peak amplitude, pulse-pair rate, and the length of silent gaps within pulse-pairs (Jang & Greenfield, 1996 . Despite this mate choice pressure, considerable additive genetic variance remains: all three characters have been found to be both repeatable and heritable within several populations examined (Collins et al., 1999; Brandt, 2003) . Selection gradient analysis was used to calculate coefficients for weighting each character in an index of overall song attractiveness (Jang & Greenfield, 1998) , which was also found to be heritable (Brandt, 2003) .
Signal characters, recording and analysis
Males produce their ultrasonic courtship song by wingfanning, which causes a pair of tymbals at the forewing bases to buckle in and out (Spangler et al., 1984) . A male's tymbals buckle twice during each cycle of wing movement, once on the upstroke and once on the downstroke. Each buckling produces a highly damped 100-ls pulse of 70-130 kHz sound. Due to the slightly asynchronous movement of the wings, a pair of two sound pulses, one from each tymbal and separated by a brief (100-1200 ls) silent gap, is usually produced during each upstroke and downstroke. Male songs were recorded in a semi-anechoic chamber during scotophase under temperature and photoperiod identical to that used in rearing. A condenser microphone (ACO Pacifica Model 7016 (Belmont, CA, USA); frequency response ±2 dB from 10 to 100 000 Hz; ±6 dB from 10 to 160 000 Hz) recorded the ultrasonic courtship song, which was amplified 40 dB and then digitized at 500 kHz using an anti-aliasing filter (Pettersson Elektronik model F2000, Uppsala, Sweden), an I/O card (National Instruments DAQ-6062E, Austin, TX, USA), and signal processing software (Pettersson Elektronik, Batsound Pro). From a 1-s sample of the digitized male song, the mean peak amplitude (PA), asynchrony interval (AI ¼ interval between onsets of two pulses in a pair), and pulse-pair rate (PR ¼ wingstroke rate) were extracted using a custom computer program adapted from other signal processing software (Cambridge Electronic Design, Spike2, Cambridge, UK). Selection gradient analysis of song characteristics from A. grisella males was used to develop an overall index of attractiveness (AT ¼ 0.524PA + 0.296AI + 0.117PR; see Jang & Greenfield, 1998) .
Environmental heterogeneity and assay of male condition
Achroia grisella are obligate symbionts of the western honeybee, Apis mellifera. The moth larvae feed on honeycomb, stored organic material, and detritus in and around 'weakened' bee colonies that have decreasing numbers of workers (Kü nike, 1930) . Adult moths stay in the vicinity of the natal colony if these nonrenewable food resources are still available, and males display in small leks in, on, or near the colony (Greenfield & Coffelt, 1983) . Environmental heterogeneity arises for A. grisella because larval density, and thus food resources, vary considerably both between honeybee colonies and within colonies over time as they advance through the normal colony ageing process. Male and female A. grisella adults live only 7-14 days and neither feed nor drink, indicating that larval nutrition and growth are the main determinants of condition. Thus, body mass is an accurate measure of energy reserves for a newly eclosed adult male and can serve as a fair proxy for condition.
Derivation of inbred lines and environmental regimes
To examine the mechanism(s) maintaining variation in condition and male song attractiveness in A. grisella, we developed random inbred lines from a natural population originally collected in Kansas and kept as an outbred colony since 1997 with an effective population size ‡500. We maintained 11 lines in the laboratory through nine generations of full-sib mating, which is predicted to have reduced heterozygosity to a level below 18% of that found initially (Crow & Kimura, 1970) . This breeding procedure, conducted in the absence of any artificial selection, effectively compartmentalized genetic variation present in the population into distinct units, i.e. lines, that could be treated as distinct genotypes. In the ninth generation, we obtained 90 second-instar larvae from each line. We divided each sample of 90 larvae equally among three environmental regimes, 30, 12, and 4 g of artificial diet in a 0.12-L polythene container, and reared them to adult. These regimes, representing nearly ad libitum (30 g) to adverse (4 g) nutritional conditions, generated low-, medium-, and high-density competition, respectively, and were designed to resemble the situations that natural populations of A. grisella would regularly experience as food resources in ageing bee colonies diminish. We measured the development rate, determined as the reciprocal of the period from oviposition to adult eclosion, and body mass at eclosion of each individual in all 33 samples (i.e. 11 lines in three treatments). The mean sample size per inbred line per treatment is 7.73 ± 0.40 (SE) for a total of 255 male waxmoths. We also recorded each male's song and then measured the three critical characters and a composite attractiveness index (see below).
Genetic tradeoffs
Life-history traits such as fecundity, lifespan and developmental rate could be in antagonistic pleiotropy with attractiveness. We have previously shown that body size (and fecundity) and lifespan do not exhibit antagonistic pleiotropy with male attractiveness (Brandt & Greenfield, 2004) . Increased male attractiveness is related to increased size, greater fecundity and longer lifespan. Development rate is potentially a target trait for antagonistic pleiotropy because there is an intrinsic relationship between song attractiveness and condition (as measured by body mass). Thus, small males, who generally do not sing attractively, might be compensated by fast development. To determine whether antagonistic pleiotropy (i.e. a genetic tradeoff) exists between male song attractiveness and development rate under any of the three rearing environments, we measured all eclosing male individuals from each inbred line and calculated inbred line mean values for the two traits in each environment. Individual attractiveness data were normalized via log transformation prior to analysis. We computed Pearson product-moment correlations, r, of mean log (attractiveness) vs. mean development rate for the inbred lines, separately in each of the three environments. A significantly negative correlation would be interpreted as a genetic tradeoff between the two traits.
Line cross analyses
Because variation in inbreeding depression among lines might have confounded the above analysis of genetic tradeoffs by biasing genetic correlations towards positive values (Lynch & Walsh, 1998) , we conducted a second analysis using F1 hybrids. We created eight different hybrid (i.e. outbred) crosses from the 11 tested lines and measured the genetic correlations of F1 progeny among song attractiveness, development rate, and condition for each of the three environmental regimes. As above, we calculated trait mean values for these line cross hybrids under each environment and analysed the correlations among song and development traits.
Phenotypic plasticity
To measure the extent of phenotypic plasticity, we used mixed-model ANOVA ANOVA to assess the differences in male song attractiveness, body mass, and development rate across the three rearing environments and also within inbred lines.
G · E interactions
To measure the extent of G · E interactions, we first used mixed-model ANOVA ANOVA and examined the significance of interaction effects (Fry, 1992; Lynch & Walsh, 1998) for male song and life-history traits. We then calculated the cross-environment genetic correlation (Lynch & Walsh, 1998) , q x , which implicitly assumes that a trait's expression in two environments represents two different traits.
Using the variances and covariances of inbred line mean values, the additive genetic correlation across environments can be estimated as:
where r 2 G , r 2 I and r G,I denote the genotypic variance, the interaction variance and the covariance between them respectively. When G · E interactions are absent (Fig. 1a,b) , r 2 I ¼ r G;I ¼ 0 and q x ¼ 1 (conversely, when there is a negative correlation between genotypic rank in the two environments such that all inbred lines have the same mean rank across environments, r 2 G ¼ r G;I ¼ 0 and q x ¼ )1; see Lynch & Walsh, 1998) . Therefore, G · E interactions are more likely when q x << 1. In order to determine whether the q x values reported are significantly different from +1, we used a bootstrap procedure to generate a distribution of estimates of q x (resampling program written for SAS by L.M. Meffert). Finally, we measured the incidence of crossover interaction for a trait as the number of pairwise comparisons of inbred lines whose reaction norms intersected (Fig. 1d) divided by the total number of pairwise comparisons.
Statistical considerations
Significance levels for all tests were corrected for multiple tests via the Holm procedure (see Holm, 1979; Krauth, 1988) . Power analyses were conducted on nonsignificant results by the method of Zar (1999) .
Results

Genetic tradeoffs
We detected no significant correlations between song attractiveness and development rate in our lines within any of the three rearing environments for tests on either the inbred lines or their hybrids (Fig. 2) . Moreover, no significant shift towards negative genetic correlations between development rate and song attractiveness was found in the hybrids (Fig. 2b,d,f) .
Phenotypic plasticity
We found significant differences in male song attractiveness and body mass across the three rearing environments within inbred lines (Table 1) , demonstrating phenotypic plasticity for these traits. Developmental rate, however, showed no such effect. Importantly, there was appreciable among-line variation in the level of plasticity (Fig. 3) . For example, some lines exhibited extensive plasticity, whereas other lines exhibited a canalized response across rearing environments (e.g. compare lines a and b, respectively, in Fig. 3a) . Significant variation for all three traits was also found across inbred lines within the same environment (Table 1) , consistent with estimates for V A and heritabilities reported previously (Collins et al., 1999; Brandt & Greenfield, 2004) .
G · E interactions
Our preliminary estimation of G · E interactions via mixed-model ANOVA ANOVA revealed that song attractiveness had a marginally significant G · E interaction (Table 1) which did not persist after the Holm (1979) correction for multiple tests. Neither log body mass nor development rate exhibited a G · E interaction in the mixed-model ANOVA ANOVA, so G · E interactions were initially considered to be weak or absent for these two traits. However, a more specific measure, the cross-environment genetic correlation q x , was significantly <1 for all traits (Table 2) , implying significant G · E interaction (see Fry, 1992) for song attractiveness, body mass and development rate. In agreement with the mixed-model ANOVA ANOVA results, song attractiveness had the largest q x values. Consistent with these q x values, a high incidence of crossover interactions was observed between inbred lines for song attractiveness (33% of all pairwise comparisons), body mass (39%), and development rate (55%; Fig. 3 , Table 2 ). We also found significantly positive correlations among inbred lines (r ¼ 0.08-0.57), and among hybrids (r ¼ 0.30-0.66), between male song attractiveness and body mass in each of the three rearing environments, corroborating previous findings on the genetic covariance of these traits (Brandt & Greenfield, 2004) .
Discussion
When combined with data concerning the life history and ecology of A. grisella, our crossover data offer strong support for a role of G · E interactions in maintaining male trait variation, a first step towards the persistence of V A for male attractiveness. In general, these data agree with previous findings from experiments with artificially selected lines in A. grisella (Jia et al., 2000) . This study however, provides more robust tests because they focus on overall male attractiveness, not individual song characters, and are based on a set of random inbred lines that collectively represent genetic variance in the population. Further, the absence of negative correlations between attractiveness and development indicate that antagonistic pleiotropy is unlikely to maintain the observed variation. This inference is consistent with previous findings that genetic correlations between song attractiveness and adult body mass, longevity or number of nights or hours per night of singing in A. grisella are largely positive (Brandt & Greenfield, 2004) . One might suggest that measuring a different suite of traits would be more conducive to uncovering antagonistic pleiotropy, but the most obvious candidates -fecundity, lifespan and developmental rate -exhibit no genetic tradeoffs with attractiveness. In summary, attractive males are in superior condition: they are larger, do not take longer Zar, 1999) . Additionally, a one-tailed test of the H 0 that the correlation coefficient for the hybrids is not less than the correlation coefficient for the inbred lines yielded P-values >0.25 for all three environmental treatments.
to develop, survive longer, and spend more time singing on nightly and lifetime bases (cf. Jennions et al., 2001) . Examination of reaction norms (Fig. 3 ) reveals that crossover interactions among our A. grisella lines arise because some genotypes are relatively plastic and others more canalized. The plastic lines express enhanced condition under favourable nutrition and density but are markedly inferior under stress. The canalized lines generally express modest condition and suffer only slight or no decreases under stress. The more plastic genotypes exhibit environmental sensitivity characterized by a sloping reaction norm (see Fig. 1b-d) and can yield a variety of phenotypes, in contrast to the average phenotype expressed by the more canalized genotypes which are buffered from the environment and characterized by a relatively horizontal reaction norm (Fig. 1a) . Importantly, no genotypes exhibited maximum attractiveness and condition under both favourable and stressful environments (Fig. 3) . We suggest that underlying physiological or developmental limitations may preclude any one genotype from achieving superior condition across all environments. The large proportion of crossover interactions amongst the 11 inbred lines mitigates against the possibility of random error measurement generating these data. Measurement error could just as easily lead to a reduction in the proportion of crossover as to an increase, given that there are 11 inbred lines and 55 potential crossovers.
Our experimental design, using both inbred lines and F1 families, was developed from considerations of genetic models for both antagonistic pleiotropy and G · E interactions. Antagonistic pleiotropy models suggest that traits should exhibit substantial dominance variance, V D , at equilibrium (Lynch & Walsh, 1998) . This dominance variance will contribute to the variation within and among outbred F1 families and thus potentially confound estimates of V A or additive genetic covariances among traits (Falconer & Mackay, 1996) . However, V D does not contribute to the genetic variance among fully Analysis of variance (mixed-model) was performed using a general linear model to accommodate unbalanced design. Male song attractiveness and body mass were normalized via log transformation in order to meet the requirement of homogeneous variances (Levene's test: see Brown & Forsythe, 1974) . For analysis, data subjected to ANOVA ANOVA were restricted to genotype (inbred line) samples in which n ‡ 5 in a given rearing environment. Rearing environment (fixed factor) and line (random factor) statistics were determined prior to inclusion of the interaction. P-values reflect a correction for multiple tests using the Holm (1979) method for each trait (*P < 0.05 following Holm correction). inbred lines, and only minimally to the variance among highly inbred lines (as used in this experiment), even when dominance is present at the loci affecting a trait. Instead, the variance among inbred lines is a function of several 'inbreeding dominance components' that are quite different from V D (Cockerham & Weir, 1984; Kelly, 1999) . If alternative alleles segregate at intermediate frequencies, as is likely with antagonistic pleiotropy, then these inbreeding components are likely to be small even when V D is large (see Cockerham & Weir, 1984 for equations expressing variance components as functions of gene effects and allele frequencies). A potential difficulty associated with variances and covariances among inbred lines is that rare recessive (or partially recessive) alleles make a disproportionate contribution to the inbreeding dominance components (Charlesworth & Hughes, 2000; Kelly, 2003) . Imagine that inbred lines are fixed for differing numbers of deleterious mutations, and that these mutations reduce both attractiveness and condition. The contribution of these loci could induce a positive correlation between attractiveness and condition, obscuring possible antagonistic pleiotropy expressed at other loci. This effect of variation in 'genetic load' is far less pronounced within outbred F1 families. In this way, our separate analyses of inbred lines and F1 families are complimentary, each obviating different sorts of genetic bias.
Log (AT)
The existence of crossover is a necessary, but not sufficient, condition for the maintenance of V A for male attractiveness. In addition to crossover as demonstrated in the laboratory, the requisite environmental variation must exist in the field. Unpredictable environmental fluctuations are present in the life history of A. grisella. A single mated female can disperse to found a new population in an unaffected beehive. As food resources decline and more individuals infest the hive, fluctuations in resource quality and quantity occur as competition for these resources increases. Larval diapause is also exhibited by A. grisella, adding temporal variation beyond that found in the seasonal environments they often inhabit. All of the above factors could lead to an overlapping of generations and environmental heterogeneity, as demanded by theory.
Extrapolating our laboratory findings to the field, we speculate that the environmental heterogeneity and dispersal that natural populations of A. grisella experience may potentially allow coexistence of various reaction norms (genotypes). Each genotype would have the capacity to produce the optimal phenotype in some environment, but as one or more environmental factors change, the genotype expressing optimal condition -and male signalling -would shift. Because these environmental changes might be rapid and unpredictable, males with suboptimal phenotypes, representing genotypes that had performed optimally at another time or place, would continue to appear. Thus, additive genetic variance could be retained and the lek paradox resolved in this system.
Confirmation that environmental heterogeneity actually maintains additive genetic variance would require some indication (i) that the distribution of reaction norm variants observed in the laboratory reflects that found in a natural population(s), (ii) that environmental fluctuations and dispersal which could potentially generate crossover interactions do occur in the field, and (iii) that natural populations subject to greater environmental heterogeneity exhibit higher levels of additive genetic variance. To date, these data do not exist for A. grisella, or for any other animal species to our knowledge.
The existence of widespread G · E interactions strong enough to maintain V A would seem to undermine the reliability of signal traits exhibiting such ecological crossover (see Greenfield & Rodriguez, 2004) . For a lekking species with female choice, like A. grisella, the male signal would become an unreliable indicator of future offspring success once the environment changes. If the environment changes unpredictably and multiple genotypic variants exist, choosing a different (unattractive) mate will not necessarily benefit the female. There are multiple developmental routes to male unattractiveness, one such path being the expression of deleterious mutations. Under such circumstances, one might expect females to 'hedge their bets' and mate with multiple (Lynch & Walsh, 1998) . q x values significantly <1 were found in all comparisons. The standard errors for functions based on variance components, like q x , are unknown for complicated designs when data are unbalanced (see Via, 1984; Sokal & Rohlf, 1995) , so a bootstrap procedure was used to identify significant results (resampling program written for SAS by L.M. Meffert). The 95% confidence interval for all three traits, for all three comparisons, ranged from a low value of ) 0.66 to a high value of 0.63, clearly excluding both +1 and ) 1 from the interval. The incidence of G · E crossover interactions is calculated as the number of pairwise comparisons of lines exhibiting intersecting reaction norms (see Fig. 1d ) divided by the total number of pairwise comparisons.
males. But, A. grisella females almost always mate singly, implying that there may be a fitness cost to mating with multiple males in the field. An additional factor that may contribute to maintenance of additive genetic variance in A. grisella, and in other species, is variation in female response. Natural populations may exhibit genetic variation in female preferences (Butlin, 1993; Gerhardt et al., 1996; Ritchie, 1996 Ritchie, , 2000 Shaw, 2000; Ritchie et al., 2001; Coleman et al., 2004) . Artificial selection on female response has revealed significant additive and nonadditive genetic variance for female preferences . Female A. grisella exhibit repeatable variance in their preference function for, and response threshold to, male song (Jang & Greenfield, 2000; Rodriguez & Greenfield, 2003; Greenfield & Rodriguez, 2004; Greig & Greenfield, 2004) . Further tests revealed heritability, phenotypic plasticity, and G · E interactions for these sexually selected female traits. Because the reaction norm for female response may influence the variance in male song in a population, we propose that future investigations of the lek paradox -which should consider natural populations and field environments -include thorough examination of female preference and response traits alongside analyses of male signalling.
